Introduction
Traditionally, decisions in medical practice and in drug development are based on concentrations of endogenous and exogenous molecules measured in the blood. However, the blood levels of most dermatological drugs have little relevance, because the biochemical and pharmacological events take place in the dermis and epidermis. In studies on dermatological drugs, skin biopsies are taken but are not well tolerated by patients because the technique is invasive. Repetitive biopsies are thus not possible, and pharmacokinetic and pharmacodynamic data from the target organ cannot be studied adequately. Consequently, less invasive techniques, such as dermal microdialysis (MD), have been developed for continuous sampling of drugs and biomolecules [1] . However, MD has limitations in size and lipophilicity of drugs and biomarkers that can be sampled. We aimed to develop novel devices with extended sampling capacity for pharmaceutical and medical research.
Methods
The principle of open-flow microperfusion (OFM) [2] was adapted for application within the dermal layer of the skin, thus forming dermal OFM (dOFM). The sampling system comprises a dermal probe, a wearable pump, a sample collection unit as well as several aids to facilitate standardized application. The devices fully comply with current medical device guidelines and recently received certification (CE label). Fig. 1 : Schematic of a dOFM sampling system. The dOFM probe is inserted into the dermis and continuously perfused at µL rates, providing samples for subsequent laboratory analysis. In-and outflow are controlled using the OFM pump.
The dOFM probe is sterile class IIa product, and can be introduced into the dermis by using a thin needle. The probe's mesh-like sampling section enables direct access to dermal interstitial fluid with all its constituents for subsequent assay (Fig. 2) .
The OFM pump is wearable and operates 3 to 6 probes of (MD&OFM) in various perfusion modes (push, pull, push-pull). Its six peristaltic pump channels can deliver flow rates of 0.1-10 µL min for >48 h. Single-use components (sterile tubing kit, perfusate bag, waste bag) are sterile, which means the pump is also a class IIa product (Fig.3) .
The sample collection unit acts as a sample trap between probe and pump. Conventional vials or glass capillaries can be used, so that biological samples can be collected with minimum delay and negligible risk of adsorption.
Supporting equipment (skin-stabilization ring, stencil) stabilize the investigated skin area for the duration of the study and enable reproducible application of probes and study drug. In an initial medical device trial we evaluated the applicability, tolerability and reproducibility of the devices over >24 h in 17 healthy and psoriatic volunteers. In this trial, we used up to 9 probes per subject and focused on basic parameters such as application time, pain perception, reproducibility of implantation depths, usability, hourly sample volumes, relative recovery and its drift and variation.
In subsequent pharmaceutical trials in animals and in humans (Fig. 4) we evaluated the sampling capabilities of the dOFM probes with regard to the lipophilicity and molecular size of the investigated drugs and inflammation markers.
Results
The medical device trial demonstrated applicability, tolerability and reproducible performance of the dOFM devices. Most importantly, (i) the 17 volunteers rated the insertion pain as acceptable, (ii) the physicians were able to place the probes reproducibly within the dermis, and (iii) the devices enabled continuous sampling over 25h with low variation of the recovered analyte (CV<5%) and with negligible drift of the probes' recovery rates (-0.02 %/h) [3] .
The subsequent pharmaceutical trials with dOFM produced (i) intradermal 26 h profiles of a topically applied corticoid and the corresponding inflammation markers in healthy and diseased skin and (ii) absolute skin concentrations of a novel therapeutic antibody. In these human trials, the study volunteers tolerated up to 15 probes. The suitability of the OFM materials for no-net-flux protocols could be shown, which involves frequent changes of the perfusion fluid via perfusate bags. Preclinical studies in anesthetised pigs showed the feasibility of >12 h studies, and that this model enables set-ups with a multitude of topical test sites for direct comparisons of topical formulations.
Discussion
Our data demonstrate that dOFM devices are safe, tolerable and provide access to virtually all molecules of interest at the target-tissue level in humans and animals. dOFM overcomes significant limitations of state of the art methods and, therefore, should become a valuable tool for the study of skin-barrier function, topical formulations and new classes of biological drugs. Moreover, these devices may facilitate the comparison of generic drugs to reference products in bioequivalence trials.
